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Abstract 
Improving performance during fine turn-milling operations including accuracy and productivity requires controlling of the cutting forces and 
the thermally induced displacement of the cutting edge. The objective of this investigation is to determine the thermally induced displacement 
of TCP during turn-milling and to reduce this displacement by using pressurized cooled air. The forces and tool elongation simulated by FEM 
are compared to measured values. It was shown that the amount of tool elongation could be 40% of the depth of cut in fine turn-milling, and it 
is possible to predict the tool elongation by FEM. Furthermore, cooled air can reduce the tool elongation by 65%.  
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1. Introduction 
High performance cutting aims at providing precise 
dimensional accuracy and high quality of the machined part 
while maintaining high material removal rates, lower tool 
wear and high efficiency. Besides static and dynamic 
properties of cutting operations, heat generation is an 
important parameter that affects the accuracy and the quality 
of the machined part [1]. Heat generation in machining 
operations is caused by two mechanisms: severe plastic 
deformation and friction. As a result most of the power 
consumed is converted into heat, which in turn causes 
significant increase in cutting temperature [2].  It is known 
that continuous cutting with constant parameters produces 
higher cutting temperatures than intermittent cutting [3]. 
Therefore, turn-milling using a multi-edge tool can be a 
solution for reducing temperatures in turning operations. 
Turn-milling is an intermittent cutting process which is 
basically a turning operation with a milling tool providing 
higher removal rates. This unique kinematics provides heating 
and cooling cycles and the cutting temperatures tend to be 
lower compared to conventional turning operations.  
Reduction and compensation of thermally induced 
displacements are significantly important regarding product 
quality and machining accuracy. Thermally induced 
displacements can be caused by the environment or internal 
heat sources [4]. However, they can also be caused by the 
process itself. In this case it is essential to model cutting 
temperatures in order to simulate the thermally induced 
displacements. There are various attempts found in literature, 
including numerical and analytical solutions to simulate the 
cutting temperatures. Proposed analytical models generally 
cover orthogonal cutting process [5]. However, the interrupted 
turn-milling process is more complex and requires the 
problem to be solved as a function of time. Few models 
concerning interrupted cutting processes were published in the 
past years. Stephenson used Green’s functions to solve the 
three-dimensional conduction problem and found that cutting 
temperatures are lower in intermittent cutting than those in 
continuous cutting [3]. Radulescu and Kapoor developed an 
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analytical model which includes time-dependent heat fluxes 
and the effect of convection in interrupted cutting [6].  
This study presents a thermo-mechanical model and 
experimental validation for predicting thermally induced 
displacements in fine turn-milling operations. Additionally, 
the study proposes a cooling strategy to reduce the thermal 
displacements during cutting operations. The paper is 
organized as follows: The details of proposed process model 
are given in Section 2. The experimental study to validate the 
process model and to reduce thermal displacements is 
presented in Section 3. In Section 4, results are given and a 
discussion is made on obtained results. In Section 5 the 
conclusions are summarized. Moreover it is indicated that 
while performing fine turn- milling operations it is essential to 
take into account the thermally induced TCP because the 
amount of displacement could be up to 40% of given depth of 
cut that affects the machining accuracy. Furthermore it is 
shown that these displacement values can be predicted by 
simulations and could be reduced by using appropriate 
cooling techniques. 
2. Modeling of turn-milling operation 
2.1. Proposed process model for turn-milling operation 
     In this study thermally induced TCP displacement during 
turn-milling operations is simulated by developing a thermo-
mechanical model. The model includes 3D FEM analysis 
combined with analytical and mechanistical tools. Cutting 
forces are evaluated using the mechanistical approach which 
takes into account uncut chip geometry and calibrated cutting 
coefficients. By means of cutting forces, generated heat input 
on the tool-chip interface is calculated for one revolution of 
the milling tool. Then the heat flux related to the generated 
heat is applied to the cutting edge and the transient heat 
conduction problem is solved by using commercial FE code 
(MSC. MARC) for the whole tool geometry, including 
heating and cooling cycles which are described in detail in 
Section 2.4. Finally the displacement values of TCP are 
determined and compared to those obtained by experiments. 
2.2. Uncut chip geometry and cutting forces 
The basic kinematics of the turn-milling process is shown 
in Fig.1. The main forces acting on the tool are the cutting 
force Fc and the axial force Fa. The forces can be used to 
determine the heat flux and the cutting temperatures during 
machining operations. In turn-milling, unlike in conventional 
turning operations, the uncut chip geometry varies with time, 
which results in periodic forces during the process. Fig. 2 
shows the uncut chip geometry and the variation of the axial 
force as a function of tool position. 
The first step in process modeling of the turn-milling 
operation is to determine the uncut chip geometry in a 
detailed area of a specific case of turn-milling, as shown in 
Fig. 2. W is the width of the workpiece to be removed. The 
eccentricity (e), which is the distance between tool and 
workpiece, is determined according to length of cutting edge 
and has a significant effect on the contact length between 
workpiece and the cutting insert. In orthogonal turn-milling, 
which is applied in this study, chips are formed by both the 
bottom and the side cutting edge of the tool [7]. However, in 
this study the chip is formed only at the bottom of the tool due 
to the low depth of cut (fine turn-milling) and selected 
eccentricity value. 
 
Fig. 1. Geometry and kinematics of turn-milling operation. 
The boundaries of the uncut chip geometry are defined by 
points x1, x2 and x3.  The angle θ between the lines x1x2 and 
x1x3 is expressed as:  
 
2
nm r
ST                                                                                   (1) 
 
with m as the number of cutting teeth and rn as the ratio of 
tool revolution (ntool) to workpiece revolution (nworkpiece). 
 
 
Fig. 2. Uncut chip geometry for cutting force calculation. 
 
The chip thickness h(x), shown in Fig. 2, varies along X 
direction. There are two different regions for h(x). In the first 
region (Fig. 2), h(x) can be expressed as: 
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1( ) ( ) tanh x x x T    for x1<x<x2                                          (2) 
 
In the second region the curved shape is a portion of the 
workpiece diameter. The expression for h(x) can be given by:  
 
2 2( ) ( )wh x R x e       for x2<x<x3                   (3) 
 
The start (ϕst) and exit angles (ϕex) are: 
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with e is the eccentricity, Rw is the workpiece radius and ap is 
the depth of cut. 
These expressions (Eq. 1-5) define the uncut chip geometry 
for turn-milling operation shown in Fig. 2.   
A representative curve for the axial force, as a function of 
cutting edge position, is shown in Fig. 2. The cutting forces 
are a function of the uncut chip area and cutting constants (Kt, 
Ka). Thus, they can be calculated mechanistically as follows: 
[8] 
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where φ is the rotation angle of tool and the dz is the 
differential axial depth of cut.  
2.3. Heat flux into the cutting tool 
Heat flux into the cutting tool can be calculated by using the 
cutting force results. Since there is no inclination angle and 
the rake angle is zero, forces in the Z direction correspond to 
the frictional forces. Therefore the heat generated on the rake 
face can be approximated as follows: 
 
a chipQ F V   [J/s] (7) 
 
where Q is the heat generated in the secondary deformation 
zone due to friction and Vchip is the velocity of chip. Chip 
velocity varies with the rotation of tool since the radial 
distance of contact between tool and insert varies as well 
which can be interpreted from Fig. 2. Hence, average value of 
chip velocity is used in the simulation. 
Using the generated heat Q and the heat source area A on the 
rake face, shown in Fig. 3, the average heat flux q can be 
calculated as:  
 
q Q A  [W/m2] (8) 
 
 The size of A directly affects the maximum temperature but 
has only a slight effect on TCP displacement. The value of 
TCP displacement depends much more on the total heat 
generated on the rake face than heat flux. Most of this heat is 
transferred with the chips and only a certain portion penetrates 
into the cutting tool.  
Turn-milling is an intermittent operation. Therefore one 
tool revolution includes cutting and non–cutting periods. 
Hence, the heat flux can be represented as a step function. 
2.4. Transient heat conduction and TCP displacement 
analysis 
In order to calculate TCP displacements at the tool tip, the 
problem of transient heat conduction must be solved for the 
complete geometry using the calculated heat flux results by 
Eq. 8. Fig. 3 shows the tool geometry and boundary 
conditions for transient heat conduction analysis. The tested 
cutting tool has a diameter of 23.7 mm and a length of 
270 mm. The FE model of the tool has 67017 elements for the 
shaft and 26140 elements for the insert with refinement along 
the cutting edge. Both shaft and insert are defined as elastic 
materials in order to calculate the thermal displacements. The 
heat transfer coefficient at the contact between shaft and insert 
is set to 40000 W/m2/K to allow heat transfer from insert to 
shaft. The thermo-elastic and thermo-physical parameters are 
taken from the material database of the FE program.  
 
 
Fig. 3. Tool geometry and heat source area for transient heat transfer analysis. 
Heat loss to the environment due to convection is defined 
for all the surface elements. At the top surface of the tool 
shaft, where the tool is clamped into the spindle, a constant 
temperature of   20ºC is assumed. Heat flux is applied as a 
function of time on the area shown in Fig. 3. The heat flux 
function contains heating (when tool is in cut) and cooling 
(when tool is out of cut) cycles. As shown in Fig. 3 each 
heating cycle lasts 16.6 sec. Cooling cycles contain idle 
periods. The complete simulation period is presented in Fig. 
3; it is 246.7 seconds in total.  
3. Experimental study 
Cutting experiments were performed on a GMX 250 
machine tool to validate the proposed models and to reduce 
TCP displacements. A cutting tool with one CBN insert was 
used in fine turn-milling of a workpiece with five bearing 
sections made of EN-GJS-600-3 camshaft material which is 
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induction hardened to 58±2 HRC. The geometrical 
dimensions of the cutting insert, the tool and workpiece are as 
follows: rake angle γ = 0°, clearance angle α = 7°, inclination 
angle λ = 0°, the radius of the cutting tool Rt=11.8 mm and the 
radius of workpiece Rw=30 mm. Process parameters are as 
follows: spindle speed nt= 6000 rev/min, depth of 
cut ap= 0.1 mm, feed per tooth fz = 0.114 mm/rev and 
eccentricity e = 4.5 mm. Fig. 4 shows the experimental setup 
with cooled air supply. The tests were carried out under dry 
and pressurized cooled air conditions. The temperature of the 
cooled air near nozzle, which was measured by a 
thermocouple during cutting tests, was between -6 to -8 °C. 
28 tests were performed under dry cutting, compared to 14 
tests conducted using cooled air. Every bearing section of 
workpiece was cut with two passes, which makes 10 cuts in 
total for each test. 
 
 
Fig. 4. Experimental setup. 
Cutting forces, temperature and TCP displacement were 
measured during tests. Cutting forces were obtained using a 
Kistler rotating dynamometer. Dynamometer is capable of 
measuring only the axial force (Z direction) and torque 
(around Z direction). Temperature and TCP displacement 
measurements were performed twice; one at the beginning of 
the test (t=0) and the second at the end of the test (t=246.7 
sec). TCP displacement measurements were carried out by a 
contact displacement sensor shown in Fig. 4. Temperature 
measurement was done by infrared thermal imaging camera. 
Emissivity is the most important parameter during infrared 
imaging. Therefore, to calibrate the emissivity, the tool was 
colored with a special paint. 
4. Results and discussion 
Cutting forces are evaluated accordingly to the procedure 
discussed above in Section 2.2 and results are compared with 
values gained from experiments. Fig. 5 presents the 
comparison of the cutting force results, showing a good match 
between simulation and experiment.  
By using average cutting force values and average cutting 
speed, generated heat along the rake is calculated and the 
corresponding heat flux is applied to the cutting edge.  The 
heating and cooling process, which is illustrated in Fig. 3, is 
modeled by FEM and the results are compared to those 
acquired by experiments.  
 
 
Fig. 5. Cutting force comparison of simulation and experiment. 
In transient heat conduction analysis, during heating cycles 
22 W heat input is used, whereas it is 0 during cooling cycles, 
which results in 44 μm TCP displacement at the time of 
t=246.7 sec. However, the average of 28 TCP displacement 
measurements carried out at the time of t=246.7 sec. is 40 μm. 
It is evident that there is a good correlation between the 
transient heat conduction analysis and the measured values. 
Heat input value is the key parameter in this analysis. It is 
determined by heat partition phenomenon in machining 
operation. Heat partition ratio for the tool is defined between 
1-20%, according to the literature [9]. In this study the heat 
partition ratio is found as 3.43%, which lies within the range 
given in literature.  
 
 
Fig. 6. Cutting force measurement results of first and second cutting pass of 
first bearing section. 
Another proof that TCP displacements have an effect on the 
cutting process is the cutting force. As explained in the 
experimental setup section, the workpiece consists of 5 
bearing sections that were cut in two passes during one 
experimental cycle. When the passes for the same bearing 
section are compared, i. e. two passes of the first bearing 
section, the force signal shows an increase of ΔF, as it is seen 
in Fig. 6. Based on the force model this increase corresponds 
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to a tool tip elongation of 22 μm compared to 25 μm in the 
simulation (see Fig. 7). Fig. 7 shows the TCP displacement 
curve obtained by FEM simulation for the whole cutting 
process in comparison to experimental values. 
The developed thermo-mechanical model is tested by two 
different experimental results, and the match between 
simulation and experimental results is satisfactory. The 
difference between model and the experimental results lies 
between 10-12%.    
 
 
Fig. 7. TCP displacement comparison between simulation and experimental 
results in dry cutting and with cooling of the cutting tool. 
In the second part of the experiments, in which pressurized 
cooled air was used, the average value of measured thermally 
induced tool tip displacement is 14 μm (green triangle), which 
can be seen in Fig.7. This is a significant reduction compared 
to 40 μm (black square) measured for the cutting process 
without cooled air under dry cutting conditions.  
 
 
Fig. 8. Thermal camera measurements a) dry cutting and b) cutting with 
cooled air under same cutting parameters. 
The effect of cooling is clearly visible in Fig. 8 by 
comparison of thermal camera measurements performed at the 
end of cutting cycle. 
5. Conclusions 
This study shows that turn-milling operations can be 
simulated by 3D FEM coupled with analytical and 
mechanistical tools successfully. Analysis and experiments 
show that TCP displacements are essential in case of fine 
turn-milling operations. The displacement value could be up 
to 40% of the depth of cut, depending on the cutting 
parameters. Furthermore, TCP displacements can be predicted 
and reduced by cooled air. Experiments demonstrate that 
pressurized cool air could be a solution to reduce the TCP 
displacements by 65% and to improve the accuracy of parts 
machined by fine turn-milling operations. 
The next step will be to use the developed strategy to 
control thermally induced displacements in machining 
operations. 
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